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Luminescence mechanism upon 980 nm laser light excitation:
The spectra show strong emission bands that appear at 449 nm ( 1 D 2 → 3 H 6 ), 474 nm ( 1 G 4 → 3 H 6 ), 643 nm ( 1 G 4 → 3 F 4 ), and 802 nm ( 3 H 4 → 3 H 6 ). The weak band at 300 nm is attributed to the 1 I 6 → 3 H 6 transition. A comparatively strong band in the UV region that appears at 360 nm has a weak shoulder at 343 nm and the emissions are obtained due to the transitions 1 D 2 → 3 H 6 and 1 I 6 → 3 F 4 . The representative energy level diagram with possible transition pathways are shown in Figure S3a . The energy levels-3 H 5 , 3 F 3 ( 3 F 2 ), 1 G 4 , 1 D 2 and 1 I 6 of Tm 3+ ions are populated by successive energy transfer by the Yb 3+ ions upon absorbing 980 nm excitation photons. Due to the difference in the energy levels, the dipole-dipole interaction is non-resonance in nature and the processes involve phonon-assisted non-radiative energy transfer through the following ways:
The ground state ions at the 3 H 6 level are excited to the 3 H 5 by receiving energy from the adjacent Yb 3+ ions, which are excited to 2 F 5/2 from 2 F 7/2 under 980 nm laser excitation and excess energy is dissipated by the phonons of the NaYF 4 host. Because of shorter lifetime of 3 H 5 level, the ions relax to 3 F 4 by multi-phonon absorption. In the next step, the Tm 3+ ions are excited to the 3 F 2 level by energy transfer from Yb 3+ ions' excited state to the 3 F 4 level. The Tm 3+ ions may decay nonradiatively to 3 H 4 level owing to the small difference in energy, following 3 H 4 → 3 H 6 transition gives NIR emission at 802 nm. Upon energy transfer by the Yb 3+ ions, the Tm 3+ ions are excited to 1 G 4 from 3 F 4 level and the radiative transitions from this level: 1 G 4 → 3 F 4 and 1 G 4 → 3 H 6 produce the red (643 nm) and blue (474 nm) emissions. Successively, the excited Yb 3+ ions transfer their energy to the 1 D 2 level of Tm 3+ . As an alternative way, the population of Tm 3+ ions at the 1 D 2 level may include a cross-relaxation (CR) process involving the 1 D 2 , 3 F 3 and 3 H 6 levels through-3 F 3 (Tm 3+ ) + 3 F 3 (Tm 3+ ) → 3 H 6 (Tm 3+ ) + 1 D 2 (Tm 3+ ). After this process, the blue and UV upconversion emissions occur at 449 nm and 360 nm, respectively due to the 1 D 2 → 3 H 6 and 1 D 2 → 3 F 4 transitions. The Tm 3+ ions are subsequently excited to the 3 P 1,2 levels from 1 D 2 by another energy transfer from Yb 3+ to Tm 3+ ion. However, a rapid population from 3 P 1,2 levels to 1 I 6 takes place by multiphonon relaxation and the transition corresponding to 1 I 6 → 3 H 6 results UV upconversion emission at 300 nm. The highly intense NIR emission (802 nm) may include population through cross-relaxation process: 1 G 4 3 (Tm 3+ ) + 3 H 6 (Tm 3+ ) → 3 F 4 (Tm 3+ ) + 3 F 2,3 (Tm 3+ ), which eventually increases the population of 3 H 4 level.
Calculation of LRET efficiency:
According to the theory in "Handbook of Biological Confocal Microscopy", J. B. Pawley [1] , the fluorescence lifetime of the donor of the LRET pair without acceptor (τ D ), is 
